In mice, assisted reproductive technologies (ARTs) have been used extensively since the 1970s for producing offspring and preserving gametes and embryos \[[@r1],[@r2],[@r3]\]. Conventional ARTs in mice include superovulation, *in vitro* fertilization (IVF), embryo culture, embryo transfer, and sperm/embryo cryopreservation \[[@r4], [@r5]\]. Because of the rapid increase in the number of genetically modified mouse strains, the contribution of sperm cryopreservation as a simple and economical method for preserving genetic materials has become a major priority in many laboratories and mouse-breeding facilities \[[@r6],[@r7],[@r8]\]. However, spermatozoa can be damaged by freezing-thawing, specifically by cold shock \[[@r9]\], osmotic injury, and oxidative stress, resulting in deleterious changes to sperm motility, viability, and acrosome and membrane integrity \[[@r10]\].

It is noteworthy that spermatozoa from different mouse strains can show different rates of survival and motility after freezing, causing diverse efficiencies in the ARTs in terms of the production of embryos using frozen-thawed spermatozoa \[[@r11], [@r12]\]. This diverse outcome is possibly attributable to differential regulation of multiple genes, such as quantitative trait loci (QTL), which may be involved in complex mechanisms involved in sperm physiology, such as those controlling membrane integrity and motility. For example, C57BL/6 inbred mice show a low IVF rate with frozen-thawed spermatozoa \[[@r13]\], whereas this strain is particularly important as a standard genetic background for many transgenic and knockout strains \[[@r14]\]. In contrast, spermatozoa from the DBA/2 strain of mice, which has a long history as a classic inbred strain, are more resistant to freeze-thawing procedures and maintain a high capacity for fertilization \[[@r15]\]. This strain, specificity in its sperm's susceptibility to freezing, is evident even with R18S3, one of the most reliable sperm-freezing solutions \[[@r16]\]. Choi and Toyoda (1998) reported that methyl-β-cyclodextrin (MBCD) in the sperm preincubation medium could stimulate cholesterol efflux from the plasma membrane \[[@r17]\], and this is an important step for normal sperm capacitation \[[@r18]\]. The presence of [l-]{.smallcaps}glutamine in the R18S3 medium and MBCD in sperm preincubation medium has also been reported to greatly improve the fertilization rates using frozen-thawed spermatozoa in C57BL/6J (B6J) mice \[[@r19],[@r20],[@r21]\]. IVF in B6J mice was further improved by the addition of reduced glutathione (GSH) in the fertilization medium, which might promote sperm penetration through the zona pellucida \[[@r22], [@r23]\].

Thus, cryopreservation of spermatozoa from the B6 strain and its gene-modified strains can now be performed safely and might not need to be a research subject in a practical sense. However, there is very little information on the genes or molecular mechanisms that are responsible for strain-dependent differences in the susceptibility of spermatozoa to freezing-thawing. This kind of information would help us to better understand the unique characters of sperm physiology that are evolutionally specialized for fertilizing oocytes effectively. For this purpose, we performed QTL analysis using a set of recombinant inbred (RI) mouse strains derived from two parental inbred strains, B6J and DBA/2J (D2J), the so-called BXD RI strains \[[@r24], [@r25]\]. In general, the RI mouse strains are derived from two inbred strains through brother--sister mating of the F2 generations. Their chromosomal content forms a mosaic of genomic blocks, each alternatively inherited from one of the parents, which allows us to identify the QTLs of interest statistically. In this study, we undertook a series of IVF experiments, sperm motility tests, and sperm staining for the examination of plasma membrane integrity, acrosomal status, and capacitation using spermatozoa from BXD RI strains and their parental strains. To perform the QTL analysis efficiently, we employed an IVF procedure without using MBCD or GSH in the medium, thereby helping to delineate phenotypic differences between the strains analyzed. The IVF rates can be affected by the motility, membrane integrity, and the acrosomal and capacitation statuses of spermatozoa before fertilization. Therefore, we also examined these sperm-related parameters in RI strains to determine whether there were correlations between the fertilization rate and these sperm-related parameters.

Materials and Methods {#s1}
=====================

Mice
----

Male mice (\> 12 weeks of age) of eight BXD RI strains and the D2J strain were provided by the RIKEN BioResource Center. Male and female B6J mice were purchased from Charles River Japan (males \> 12 weeks, females \> 9 weeks). At least six male mice of each strain were used for each IVF experiment and motility test (i.e., six replicates). We used another set of male mice for sperm staining. Female B6J mice were used to collect mature oocytes. All mice were housed with food and water provided *ad libitum* under controlled temperature (24 ± 1°C), humidity (55 ± 2%) and lighting conditions (daily light period, 0700 to 2100 h). All experiments were approved by the Animal Experimentation Committee at the RIKEN Tsukuba Institute and were performed in accordance with the committee\'s guiding principles.

IVF
---

IVF was performed as previously described with slight modifications \[[@r26]\]. For IVF using fresh spermatozoa, the male mice were killed by cervical dislocation and both epididymides were promptly collected. Blood was removed from the epididymal surface with filter paper and a sperm mass was collected by puncturing the cauda. This was suspended in a drop of 450 μL human tubal fluid (HTF) \[[@r27]\] containing 0.3% bovine serum albumin (BSA), covered with mineral oil, and preincubated at 37°C under 5% CO~2~ in humidified air for 1 h. Female B6J mice were induced to superovulate with an intraperitoneal injection of 7.5 IU of equine chorionic gonadotropin (eCG; Peamex, Sankyo, Tokyo, Japan), followed 48--50 h later by 7.5 IU of human chorionic gonadotropin (hCG; Gonatropin; ASKA Pharmaceutical, Tokyo, Japan). Cumulus--oocyte complexes were placed into 80 μl drops of HTF medium covered with sterile mineral oil. Insemination was carried out by adding preincubated spermatozoa to the fertilization medium containing oocytes. IVF experiments were also performed using frozen-thawed spermatozoa, as described below. The final sperm concentrations were adjusted to 2.0 × 10^5^ and 5.0 × 10^5^ cells/ml for fresh and frozen-thawed spermatozoa, respectively. At 5 h after insemination, the oocytes were removed from the fertilization medium and washed in CZB medium containing glucose \[[@r28]\]. They were fixed with 2.5% glutaraldehyde and stained with 1% aceto-orcein to visualize pronuclei \[[@r29]\]. The oocytes with a male pronucleus or pronuclei and sperm tail(s) in the cytoplasm were considered to be fertilized irrespective of the number of penetrating spermatozoa.

Freezing and thawing of spermatozoa
-----------------------------------

Spermatozoa were frozen-thawed according to the method developed by Nakagata and Takeshima (1993) with slight modifications. The sperm cryopreservation solution (R18S3) consisted of 18% raffinose (Difco, Becton Dickinson, Franklin Lakes, NJ, USA) and 3% skim milk (Difco, Becton Dickinson). Fat and blood were removed from each epididymis on filter papers using fine scissors. Approximately 10 epididymal incisions were made with sharp scissors under 100 μl R18S3, and the resulting sperm suspension was divided into eight 10 μl aliquots. Each of these was aspirated into a 0.25 ml plastic straw and cooled in liquid nitrogen (LN~2~) vapor for 10--60 min before submersion in LN~2~. The spermatozoa were stored in LN~2~ for at least 1 week before thawing. For thawing, the straws were removed from the LN~2~, exposed to ambient temperature for 10 sec and then immersed in a water bath at 37°C for 15 min. An aliquot of 5 μl thawed sperm suspension was taken from the periphery of the drop and added to 200 μl of HTF medium for preincubation and used for IVF as described above.

Assessment of sperm motility
----------------------------

For sperm motility analysis, we used computer-aided spermatozoa analysis (CASA) with a Hamilton Thorn IVOS CASA analyzer (Hamilton Thorn Research, Beverley, MA, USA) to record quantitative parameters of sperm motion. Spermatozoa were incubated in droplets of 450 μl (fresh spermatozoa) or 200 μl (frozen spermatozoa) of HTF medium containing 0.3% BSA for 1 h at 37°C. Before collection of spermatozoa, the incubation drops were stirred so that the average sperm population could be used for analysis. The sperm motility rate was recorded by counting cells with any movement of the head and the progressive motility rate was recorded by counting those with a velocity \> 50 μm/sec. In addition, at least 300 spermatozoa per sample were analyzed for curvilinear velocity (VCL, μm/sec), average path velocity (VAP, μm/sec), straight-line velocity (VSL, μm/sec), linearity (LIN), amplitude of lateral head displacement (ALH, μm), and straightness (STR).

Assessment of plasma membrane integrity and the acrosome status of frozen-thawed spermatozoa
--------------------------------------------------------------------------------------------

Plasma membrane integrity and the acrosomal status of frozen-thawed spermatozoa were assessed by propidium iodide (PI) and peanut agglutinin (PNA) staining, respectively, as previously described \[[@r30]\]. Briefly, after preincubation of thawed spermatozoa for 1 h, a 20 μl aliquot of suspension was placed in a tube and stained with 1 μl of lectin peanut agglutinin (PNA) conjugated with Alexa Fluor 488 (1 mg/ml, Invitrogen, Paisley, UK) mixed with 0.5 μl of PI (2.4 mM, LIVE/DEAD^®^ Sperm Viability Kit; Molecular Probes, Eugene, OR, USA) without fixation. The tube was incubated in a dark box at 37°C for 15 min. After incubation, 100 spermatozoa per sample were observed under a fluorescent microscope and classified into three staining patterns: PI(+), PI(--)/PNA(--), and PI(--)/PNA(+). PI(+) represents dead spermatozoa and PI(--)/PNA(--) represents live spermatozoa with an intact acrosome. PI(--)/PNA(+) represents live spermatozoa ready to undergo the acrosome reaction; this state allows PNA to reach the acrosomal contents through pores in the outer acrosomal membrane and plasmalemma.

Assessment of capacitation status
---------------------------------

After preincubation of the thawed sperm suspension for 1 h, an aliquot of 20 μl was put in a tube and stained with an equal volume of chlortetracycline (CTC) solution prepared by dissolving 750 mM CTC-HCl (Sigma-Aldrich, St Louis, MO, USA) in a chilled buffer containing 20 mM Tris--HCl, 130 mM NaCl, and 5 mM cysteine-HCl (pH 7.0) \[[@r31],[@r32],[@r33]\]. After mixing, spermatozoa were fixed by adding 5 μl of 1% glutaraldehyde in 1 M Tris HCl (pH 8.0) \[[@r17]\]. Totals of at least 600 spermatozoa per strain were observed under a fluorescence microscope and classified into three patterns according to Ward and Storey (1984): the F pattern indicated uniform fluorescence over the head (uncapacitated); B pattern showed fluorescence on the anterior portion of the head and a dark band over the postacrosomal region (capacitated but not acrosome-reacted); and AR pattern showed no or little fluorescence over the entire surface of the head (capacitated and acrosome-reacted). The B pattern was considered representative of a normal sperm population at the end of preincubation.

QTL analysis
------------

All QTL mapping for phenotypes was performed using the WebQTL software module of the GeneNetwork ([www.genenetwork.org](www.genenetwork.org)) \[[@r34]\]. Interval mapping to evaluate potential QTLs was calculated from the likelihood ratio statistics (LRS) as the software's default measurement of the association between differences in traits and differences in particular genotype markers. Another common measure score, the log of the odds (LOD) ratio, can be converted from the LRS (LRS/4.61). Suggestive and significant LRS values were determined by applying 1000 permutations. Assessments of QTL peaks and shoulders that cross the suggested threshold were performed using QTL miner, which was implemented in the GeneNetwork package (<http://genenetwork.helmholtz-hzi.de>) to identify regulating genes \[[@r35], [@r36]\]. We scrutinized the genes mapped within the analyzed QTLs by the National Center for Biotechnology Information (NCBI) Entrez Gene website (<http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene>) and the Jackson Laboratory's Mouse Genome Database (MGI) project ([www.informatics.jax.org](www.informatics.jax.org)) to identify potential candidate genes.

Statistical analysis
--------------------

All results are expressed as the mean ± standard error of the mean (SEM). Percentile data were transformed by the arcsine transformation and analyzed by two-way analysis of variance (ANOVA) using Excel software. The Tukey-Kramer test was used for multiple comparisons of the fertilization rate and sperm-related parameters, except for those with non-normal distributions. For those parameters with non-normal distributions (motile rate, ALH, LIN, and PI(--)/PNA(+) rate), the Kruskal-Wallis test was applied for multiple comparisons. Correlations between mean parameter values in B6J, D2J, and BXD RI mice were analyzed using Pearson's correlation coefficient by applying R, a free software environment for statistical computing and graphics (<http://www.R-project.org>).

Results {#s2}
=======

Fertilizing abilities of fresh and frozen-thawed spermatozoa from the B6J, D2J, and BXD RI mouse strains
--------------------------------------------------------------------------------------------------------

We used B6J strain oocytes in our IVF experiments throughout to exclude the effects of oocyte-related factors on the fertilization rates using different sources of spermatozoa. Oocytes with a male pronucleus (or pronuclei) and with sperm tails in the cytoplasm at 5 h after insemination were considered to be fertilized (penetrated) irrespective of the number of penetrating spermatozoa ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Fertilization rates of fresh and frozen-thawed spermatozoa from RI, B6J, and D2J mouse strains. (A) Oocytes at 5 h post-insemination subjected to aceto-orcein staining. Fertilized oocytes can contain one or more spermatozoa within the ooplasm. 2pb, the second polar body; bar = 50 μm. (B) Fertilization rates using fresh or frozen-thawed spermatozoa from B6J and D2J mouse strains (means ± SEMs; \* P \< 0.01 by Tukey-Kramer test). See [Table 1](#tbl_001){ref-type="table"} for the result of two-way ANOVA. (C) Strain distribution of the fertilization rates using frozen-thawed spermatozoa from the RI, B6J, and D2J mouse strains (means ± SEMs). (D) Strain distribution of the relative fertilization rates using frozen-thawed spermatozoa from RI, B6J, and D2J strains of mice (means ± SEMs). The values were calculated by the fertilization rate of frozen-thawed spermatozoa divided with that of fresh spermatozoa in each individual male; Relative fertilization rate (%) = (Fertilization rate with frozen spermatozoa (%)/Fertilization rate with fresh spermatozoa (%)) × 100 (n = 6 for each strain).). First, we examined whether the B6J strain spermatozoa were more susceptible to freeze-thawing than the D2J spermatozoa, as has been previously reported \[[@r12]\]. A two-way ANOVA with a 2 × 2 factorial design for B6J *vs*. D2J strains and fresh *vs*. frozen-thawed sperm suspensions revealed that both factors had significant effects on the fertilization rate ([Table 1](#tbl_001){ref-type="table"}Table 1.Probability (P-values) of main effects on phenotypes analyzed by two-way ANOVA in C57BL/6J (B6J) and DBA/2J (D2J) miceMain effectInteraction\
Multiple comparison testStrain (B6J, D2J)Freezing (Fresh, Frozen)(Strain × Freezing)Fertilization ^a)^**\<0.0001\<0.00010.0006**Tukey-KramerMonospermic ^a)^**\<0.0001\<0.0001\<0.0001**Tukey-KramerMotile ^b)^NANANAKruskal-WallisProgressively motile ^b)^**0.0120** (D2J \> B6J)**\<0.0001** (Fresh \> Frozen)0.1607VAP ^b)^**\<0.0001** (D2J \> B6J)**\<0.0001** (Fresh \> Frozen)0.1577VSL ^b)^**\<0.00010.00020.0307**Tukey-KramerVCL ^b)^**\<0.0001** (D2J \> B6J)**\<0.0001** (Fresh \> Frozen)0.2448ALH ^b)^NANANAKruskal-WallisBCF ^b)^**0.0072** (D2J \< B6J)0.51050.0916LIN ^b)^NANANAKruskal-WallisSTR ^b)^0.11650.7366**0.0258**PI (--) ^c)^**0.0097** (D2J \> B6J)**\<0.0001** (Fresh \> Frozen)0.0979PI(--)/PNA(+) ^c)^NANANAKruskal-WallisF pattern ^d)^**0.03370.00670.0044**Tukey-KramerB pattern ^d)^**0.04930.00230.0175**Tukey-KramerAR pattern ^d)^0.76150.22990.5822Capacitation ^d)^**0.03370.00670.0044**Tukey-KramerA probability of P \< 0.05 was considered significant (boldface). ^a)^ Fertilized oocytes may contain one or more spermatozoa within the ooplasm. The monospermic fertilization rate was the rate of oocytes containing only one male pronucleus per oocyte examined. ^b)^ Motility parameters are as follows: The percentage of motile and progressive motile spermatozoa; VAP, average path velocity; VSL, straight-line velocity; VCL, curvilinear velocity; ALH, amplitude of lateral head displacement; BCF, beat-cross frequency; STR, straightness; LIN, linearity. ^c)^ Spermatozoa stained with PI and PNA. PI(--) indicates spermatozoa with intact plasma membrane. PI(--)/PNA(+) indicates live spermatozoa ready for acrosome reaction. ^d)^ Spermatozoa stained with CTC. F pattern shows uniform fluorescence over the head (uncapacitated). B pattern shows fluorescence on the anterior portion of the head and a dark band over the postacrosomal region (capacitated but non-acrosome-reacted). AR pattern shows no or little fluorescence over the whole surface of the head (capacitated and acrosome-reacted). Both B pattern and AR pattern spermatozoa are considered to be capacitated. NA, not available because of a non-normal distribution (the results of multiple comparison test by Kruskal-Wallis test are shown in [Tables 4](#tbl_004){ref-type="table"} or [5](#tbl_005){ref-type="table"}).). There was an interaction between the two factors (strain and freeze-thawing), indicating that the fertilization rate was determined by a combination of these factors as well. A multiple comparison test revealed that that B6J spermatozoa were more sensitive to freeze-thawing than D2J spermatozoa ([Fig. 1B](#fig_001){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}). This result corroborates a report of strain-specific variation in the susceptibility to cryopreservation \[[@r12]\]. Then, we undertook large-scale IVF experiments using fresh and frozen-thawed spermatozoa from all the RI strains under strictly controlled conditions. The fertilization rates in all the experiments are shown in [Table 2](#tbl_002){ref-type="table"}Table 2.Fertilization rates of fresh and frozen-thawed spermatozoa from C57BL/6J, DBA/2J, and BXD RI miceStrainNo. of malesSpermatozoaNo. of oocytesFertilization (%)Monospermic fertilization (%)C57BL/6J6Fresh18379.3±4.5 ^a^73.8±2.7 ^a^6Frozen2059.4±3.8 ^bc^9.4±3.8 ^bc^6Relative13.3±6.0DBA/2J6Fresh21294.6±2.880.6±4.16Frozen20785.2±7.9 ^d^70.3±7.9 ^d^6Relative90.6±9.2BXD-86Fresh18697.5±1.385.3±3.96Frozen19863.0±6.862.0±6.56Relative64.9±7.8BXD-116Fresh17689.4±5.084.2±6.06Frozen20431.4±9.831.0±9.86Relative34.8±9.8BXD-126Fresh20695.7±1.485.9±1.36Frozen18880.5±7.380.5±7.36Relative84.2±7.66BXD-156Fresh22173.3±6.471.0±5.86Frozen21260.6±6.659.7±6.56Relative82.0±5.4BXD-196Fresh19893.1±3.590.2±2.56Frozen18468.9±12.067.9±11.36Relative75.8±14.0BXD-276Fresh21296.8±1.587.5±3.26Frozen18649.2±3.449.2±3.46Relative51.0±3.8BXD-316Fresh20396.4±2.093.2±2.36Frozen18764.6±6.564.1±6.36Relative67.6±7.9BXD-326Fresh19298.5±0.7082.1±4.16Frozen20687.4±2.7076.1±3.06Relative88.8±3.08Values are means ± SEMs. Different superscripts within the same column indicate significant differences (^a,\ b;\ c,\ d^ P \< 0.01, two-way ANOVA followed by Tukey-Kramer test, see [Table 1](#tbl_001){ref-type="table"}). Relative fertilization rate (%) = (Fertilization rate with frozen spermatozoa (%)/Fertilization rate with fresh spermatozoa (%)) × 100 (n = 6 for each strain).. As expected, the fertilization rates of seven out of eight RI strains were within the range of values for the B6J and D2J strains ([Fig. 1C](#fig_001){ref-type="fig"}).

QTL mapping for genetic regions associated with cryodamage to spermatozoa
-------------------------------------------------------------------------

Genome-wide interval mapping with the fertilization rates using frozen-thawed spermatozoa detected only one suggested QTL on chromosome 1 above the threshold LRS score (8.52) ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Genome-wide interval mapping for suggestive QTLs affecting the fertilization rate using frozen-thawed spermatozoa. (A) Mapping based on the actual fertilization rates. (B) Mapping based on the relative fertilization rates. Critical intervals were selected based on peak shapes and bootstrap signals. Interval mapping is shown across the entire genome as a blue line representing the LRS scores. The x-axis shows physical maps in megabases for each chromosome. The y-axis represents the LRS score. The numbers along the top of the graph indicate individual chromosome numbers. The horizontal lines mark the genome-wide significant thresholds at P \< 0.05 (red line) and suggestive thresholds at P \< 0.37 (gray line).). Although there was another peak on chromosome 11, it was under the threshold LRS score. There were also many other near-threshold peaks over the entire genome. From the results from the two-way ANOVA described above, we assumed that the fertilization rates using frozen-thawed spermatozoa might be determined by strain-specific susceptibility to freezing, as well as the intrinsic fertilizing ability of the strain. Therefore, the results of the QTL analysis based on the fertilization rates of frozen-thawed spermatozoa might have reflected the cumulative effect of these two factors. To exclude the possible background strain effects, we calculated the ratio of the fertilization rate of frozen-thawed spermatozoa per that of fresh spermatozoa in individual male mice (designated here as "relative fertilization rate"). As shown in [Fig. 1D](#fig_001){ref-type="fig"}, the relative fertilization rates of all eight RI strains were within the range of values for B6J and D2J. QTL analysis based on the relative fertilization rates made the genome-wide interval mapping more explicit: two suggested QTLs on chromosomes 1 and 11 were detected and most of the near-threshold peaks disappeared from the map ([Fig. 2B](#fig_002){ref-type="fig"}).

Candidate genes that might determine the relative fertilization rate
--------------------------------------------------------------------

To identify candidate genes that might determine the strain-specific relative fertilization rate, we used the QTL miner tool in GeneNetwork. The corresponding genetic region of 153.969506--158.217850 Mb on chromosome 1 contained 43 genes, and the region of 59.237260--61.324742 Mb on chromosomes 11 contained 70 genes \[[@r35]\] ([Supplementary Table 1](https://www.jstage.jst.go.jp/article/jrd/64/2/64_2017-148/_supplement/_download/64_2017-148_1.zip): online only). We selected candidate genes on these regions based on the following two criteria: (1) genes expressed in the testis, using NCBI mouse ENCODE transcriptome data; and (2) genes expressed in the reproductive system in the phenotype annotation of MGI Mouse Genome Database from the Jackson Laboratory. Furthermore, we added candidate genes with the following keywords in the MGI database based on essential roles of intrinsic Ca^2+^-ATPase activity during capacitation \[[@r32]\]. This reflects the energy production in mitochondria for spermatozoa during the transition from progressive to hyperactivated motility \[[@r37]\] and cholesterol depletion from the plasma membrane during capacitation \[[@r18]\]. These genes are involved in: (1) calcium channel activity in the Gene Ontology (GO) terms from MGI; (2) ATP binding sites based on protein information in MGI; and (3) cholesterol metabolic process in GO. Finally, 15 candidate genes were selected with these criteria, as listed in [Table 3](#tbl_003){ref-type="table"}Table 3.List of genes within suggestive QTLs for the relative fertilization rateSymbolChrKeywordsTestis/RPKMSNP on ExonA. A. Substitution B6J/D2J (Position)*Tdrd5*1male infertility, spermatogenesis, spermatid development8.70Y--*Soat1*1cholesterol metabolic process7.27Y--*Abl2*1reduced fertility, reproductive process, ATP binding1.80YV/A (28) A/P (32) M/V (1030)*Cacna1e*1calcium channel0.08Y--*Pld6*11male infertility, reproductive system33.96----*Slc47a2*11ductus deferens, epididymis31.60----*Map2k3*11male reproductive system13.64Y--*Flii*11ductus deferens, epididymis, penis7.28----*Alkbh5*11reduced male fertility6.85----*Usp22*11epididymis6.08----*Rasd1*11ductus deferens, epididymis3.52----*Wnt3a*11reduced female fertility, ejaculatory epididymis, seminal vesicle1.93Y--*Wnt9a*11ejaculatory duct0.23----*Kcnj12*11epididymis0.04----*Nlrp3*11reduced fertility0.04YL/V (717)RPKM, reads per kilobase of exon per million mapped sequence reads (<http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene>). The gene information was obtained from Gene Expression Database in Mouse Genomics Informatics ([www.informatics.jax.org](www.informatics.jax.org)). Y: Possessed a single nucleotide polymorphism between B6J and D2J strains, according to the MGI database. --: Not possess. A. A. Substitution: amino acid substitution.. Of them, seven genes have sequence polymorphisms on exons between B6J and D2J and two have amino acid substitutions ([Table 3](#tbl_003){ref-type="table"}).

Motility of fresh and frozen-thawed spermatozoa from B6J, D2J, and BXD RI strains
---------------------------------------------------------------------------------

We obtained nine sperm motility parameters by CASA ([Table 4](#tbl_004){ref-type="table"}Table 4.Motility of fresh and frozen-thawed spermatozoa from C57BL/6J, DBA/2J, and BXD RI mice). The 2 × 2 factorial ANOVA using B6J *vs*. D2J and fresh *vs*. frozen spermatozoa indicated that both factors (strain and freeze-thawing) had significant effects on the progressively motile rate, VAP, VSL, and VCL ([Table 1](#tbl_001){ref-type="table"}). There was an interaction between two factors in VSL, indicating that this parameter was determined by the combination of the strain and freeze-thawing treatment ([Table 1](#tbl_001){ref-type="table"}). We did not apply factorial analysis to the motile rate and ALH or LIN values, because they did not follow a normal distribution. The multiple comparison test revealed that the freezing-thawing procedure significantly decreased the progressively motile rate, VAP, VSL, and VCL ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Motility parameters of fresh and frozen-thawed spermatozoa from RI, B6J, and D2J strains of mice. Analysis using the parental strains (means ± SEMs; \* P \< 0.01 by Tukey-Kramer test). See [Table 1](#tbl_001){ref-type="table"} for the results of two-way ANOVA. VSL, straight-line velocity; VCL, curvilinear velocity; VAP, average path velocity. and [Table 1](#tbl_001){ref-type="table"}). Therefore, we subjected these four sperm motility parameters to an analysis of correlation with the relative fertilization rate.

Plasma membrane integrity and acrosomal status of spermatozoa from B6J, D2J, and BXD RI strains
-----------------------------------------------------------------------------------------------

Next, we examined the structural integrity of the plasma membrane and acrosome by staining with PI and PNA, which are localized in the nucleus and the acrosome \[[@r30]\], respectively. PI staining classified spermatozoa into membrane-damaged (PI(+)) or membrane-intact (PI(--)) ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.Plasma membrane integrity, acrosomal status, and capacitation status of frozen-thawed spermatozoa from the parental strains. (A) Spermatozoa stained with PI and PNA conjugated with Alexa Fluor 488. The PI(+) pattern indicates spermatozoa with damaged plasma membranes. The PI(--)PNA(+) pattern indicates live spermatozoa ready to undergo an acrosome reaction (bar = 10 μm). (B) The rates of the PI(+) sperm in the parental strains (See PI(--) in [Table 1](#tbl_001){ref-type="table"}). (C) The rates of the PI(--)PNA(+) sperm staining pattern in the parental strains (\* P \< 0.05; \*\* P \< 0.01 by Tukey-Kramer test). See [Table 1](#tbl_001){ref-type="table"} for the result of two-way ANOVA. (D) Spermatozoa stained with CTC. The F pattern has uniform fluorescence over the sperm head (uncapacitated). The B pattern shows fluorescence on the anterior portion of the head and a dark band over the postacrosomal region (arrow) (capacitated but not acrosome-reacted). The AR pattern shows no or little fluorescence over the whole surface of the head (capacitated and acrosome-reacted). Spermatozoa with the B and AR patterns are considered to be capacitated. (E) The rates of capacitated spermatozoa in the parental strains (\*\* P \< 0.01 by Tukey-Kramer test). See [Table 1](#tbl_001){ref-type="table"} for the result of two-way ANOVA.). The PI(--)/PNA(+) pattern indicated live spermatozoa ready to undergo the acrosome reaction ([Fig. 4A](#fig_004){ref-type="fig"}). The 2 × 2 factorial ANOVA using B6J and D2J strains showed that both strain and freeze-thawing treatment had significant effects on the integrity of the plasma membrane of spermatozoa, but there was no interaction between them ([Fig. 4B](#fig_004){ref-type="fig"}, PI(--) in [Table 1](#tbl_001){ref-type="table"}). However, PI(--)/PNA(+) was not applied for factorial analysis because it did not follow a normal distribution ([Table 1](#tbl_001){ref-type="table"}). The multiple comparison test for these parameters revealed that the freezing-thawing procedure showed significant differences in the PI(--) and PI(--)/PNA(+) in B6J spermatozoa, indicating that the proportions of spermatozoa with intact plasma membrane and acrosome decreased in B6J mice ([Table 1](#tbl_001){ref-type="table"} and [Fig. 4C](#fig_004){ref-type="fig"}). Data from spermatozoa of the RI and parental strains are shown in [Table 5](#tbl_005){ref-type="table"}Table 5.Mouse sperm staining for the plasmatic membrane, acrosome, and capacitation status in C57BL/6J, DBA/2J, and BXD RI miceStrainNo. of malesSpermatozoaPI(--) (%)PI(--)/PNA(+) (%)F pattern (%)B pattern (%)AR pattern (%)Capacitation (%)C57BL/6J6Fresh57.5±3.822.1±3.0 ^a^34.0±3.2 ^a^52.2±3.3 ^a^13.7±2.166.0±3.2 ^a^6Frozen29.8±7.15.8±2.1 ^bA^59.7±1.7 ^bc^24.6±1.5 ^bA^15.6±1.540.3±1.7 ^bc^DBA/2J6Fresh61.7±8.023.5±6.437.9±6.550.1±7.812.0±4.262.1±6.56Frozen48.8±7.425.6±4.9 ^B^36.9±3.0 ^d^45.6±3.3 ^B^17.4±4.263.1±3.0 ^d^BXD-86Fresh52.0±9.715.6±4.536.2±6.453.5±5.410.3±2.963.8±6.46Frozen31.8±3.26.9±1.146.1±2.933.5±3.620.4±2.553.9±2.9BXD-116Fresh41.5±4.917.0±2.434.6±4.756.6±3.58.7±1.465.4±4.76Frozen31.2±4.512.0±3.848.8±3.635.5±2.915.7±2.451.2±3.6BXD-125Fresh51.9±6.318.1±3.737.8±5.053.2±4.09.0±2.062.2±5.05Frozen34.1±5.912.8±1.345.4±6.137.5±6.717.2±3.954.6±6.1BXD-156Fresh62.7±2.427.5±1.633.4±2.655.0±4.211.6±2.766.6±2.66Frozen30.3±5.512.7±2.829.8±4.546.3±5.823.8±3.170.2±4.5BXD-196Fresh49.9±5.613.6±2.643.1±5.645.7±5.811.2±1.256.9±5.66Frozen32.0±3.011.9±1.536.7±2.545.7±3.017.7±3.663.3±2.5BXD-276Fresh54.5±4.217.0±2.451.4±5.535.5±4.313.1±2.248.6±5.56Frozen36.0±3.38.3±2.248.8±4.423.0±5.328.2±5.351.2±4.4BXD-316Fresh63.0±5.913.3±4.036.9±2.750.6±3.712.4±1.263.1±2.76Frozen30.8±4.611.5±1.936.6±4.744.0±4.319.4±1.763.4±4.7BXD-326Fresh43.8±6.29.1±2.727.8±3.560.9±4.111.3±1.772.2±3.56Frozen26.1±2.913.8±2.635.5±4.543.0±4.821.5±0.664.5±4.5Values are means ± SEMs. Different superscripts within the column indicate significant differences (^a,b;\ c,d^ P\<0.01; ^A,\ B^ P\<0.05, For PI(--)/PNA(+), Kruskal-Wallis test was applied. For the F pattern and the B pattern, Tukey-Kramer test was applied. See [Table 1](#tbl_001){ref-type="table"}). Multiple comparisons were not applied for PI(--) and the AR pattern because of the absence of a significant interaction between factors (see[Table 1](#tbl_001){ref-type="table"})..

Capacitation status of spermatozoa from B6J, D2J, and BXD RI strains
--------------------------------------------------------------------

The capacitation status was determined by the fluorescent pattern of CTC that detects intracellular Ca^2+^-related changes in the spermatozoa \[[@r32]\]. The F and B patterns that indicated the uncapacitated status and capacitated, but nonacrosome-reacted status, respectively, were affected by both strain and freezing-thawing ([Fig. 4D](#fig_004){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}). However, the AR pattern that indicates capacitated and acrosome-reacted status was not affected by these factors ([Fig. 4D](#fig_004){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}). The rate of capacitated spermatozoa comprising the B and AR patterns was affected by the two factors ([Fig. 4D](#fig_004){ref-type="fig"} and [Table 1](#tbl_001){ref-type="table"}). There were interactions between these factors in the F and B patterns and capacitation ([Table 1](#tbl_001){ref-type="table"}). The multiple comparison test in these parameters revealed that the freezing-thawing procedure resulted in a significant reduction in the capacitation rate in the B6J strain, indicating that B6J spermatozoa were more sensitive to freezing-thawing than the D2J spermatozoa in terms of their ability to undergo capacitation ([Fig. 4E](#fig_004){ref-type="fig"}). Data from spermatozoa of the RI and parental strains are shown in [Table 5](#tbl_005){ref-type="table"}.

Correlations of the fertilization rate with other parameters
------------------------------------------------------------

To understand the relationship among parameters we examined, we tested for correlations among phenotypes of frozen-thawed spermatozoa in BXD RI and parental strains. We used the major motility, membrane integrity, and capacitation parameters that were significantly different between B6J and D2J mice. For exact correlation analysis, these sperm-related parameters were also transformed into relative values by dividing with the corresponding values from fresh spermatozoa. Overall, the relative fertilization rate was most highly correlated with the B pattern of CTC staining (capacitated but not acrosome-reacted), followed by PI(--)/PNA(+) staining (live spermatozoa ready to undergo acrosome reaction) ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Correlations between the fertilization rates and sperm-related parameters calculated using data from the RI, B6J, and D2J strains of mice. White numbers indicate the presence of significant differences (P \< 0.05 for Pearson's correlation coefficient *r*).). Their correlations were statistically significant (Pearson's correlation, *r* \> 0.64, P = 0.027 and 0.039, respectively). Other parameters had no significant correlation with the relative fertilization rates. The sperm motility parameters had especially low correlation values, although they were highly correlated with each other ([Fig. 5](#fig_005){ref-type="fig"}).

Discussion {#s3}
==========

The primary purpose of our study was to identify loci responsible for strain differences in the susceptibility of mouse spermatozoa to freezing-thawing. As the B6J and D2J strains are known to exhibit distinct phenotypes in terms of the fertilization rates using frozen-thawed spermatozoa \[[@r12]\], the RI strains derived from these two parental strains would provide the best model for the QTL analysis for such responsible loci. In this study, however, only eight RI strains could be used because of the limited number of strains available at our center. This was much smaller than those of other studies using the similar BXD RI strains \[[@r36], [@r38]\]. Despite the small number of strains, we successfully identified two responsible QTLs on chromosomes 1 and 11. This was probably because of the large strain-specific difference between parental strains in the susceptibility of spermatozoa to freezing-thawing; it is generally known that a broad range of values among strains increases the efficiency of QTL analysis based on RI strains \[[@r39]\]. We found that the use of "relative fertilization rate" as a parameter could also be attributed to responsible QTLs, as shown by the more distinct profile of the genome-wide mapping of the relative fertilization rate compared with that of the fertilization rate with frozen-thawed spermatozoa ([Fig. 2A, B](#fig_002){ref-type="fig"}).

The suggestive QTLs on chromosomes 1 and 11 allowed us to identify 15 candidate genes that could cause strain-specific differences in the fertilizing ability of frozen-thawed spermatozoa. We confirmed that at least four and three of the genes on chromosome 1 and chromosome 11, respectively, possessed a single nucleotide polymorphism between B6J and D2J strains, according to the MGI database. Of them, *Abl2* on chromosome 1 and *Nlrp3* on chromosome 11 have amino acid substitutions ([Table 3](#tbl_003){ref-type="table"}). The Abl2 protein (or Arg) is known to coordinate actin remodeling as a key regulator of subcellular structures \[[@r40]\]. Therefore, there is a possibility that this gene could cause the cryotolerance specific for spermatozoa from the D2J strain. The Nlrp3 protein is a member of the family of Nod-like receptor (NLR) proteins, which are involved in the immune system, helping to start and regulate the immune system\'s response to injury, toxins, or invasion by microorganisms \[[@r41]\]. A gene knockout study revealed that Nlrp3 was involved in spermatogenic defects as a consequence of testicular ischemia and reperfusion \[[@r42]\]. However, we do not know whether Nlrp3 may affect the degree of cryoinjury of spermatozoa. Future studies using congenic strains or gene-edited mice carrying point mutations of these genes would provide a clear answer to this question.

Our analysis using CTC staining revealed that B6J spermatozoa showed a remarkably decreased ability to undergo capacitation after freezing-thawing, showing a sharp contrast with D2J spermatozoa, which were not affected by the same treatment. This was consistent with the finding that the efficiency of IVF using frozen-thawed B6J spermatozoa was efficiently improved by preincubation of sperm with MBCD, which enhances capacitation by promoting the removal of cholesterol from the sperm membrane \[[@r19]\].

The capacitated spermatozoa detected by CTC staining consisted of B and AR patterns. It is known that spermatozoa with the B pattern are not acrosome-reacted and those with an AR pattern are acrosome-reacted, whereas both types are capacitated. Correlation analysis revealed that the relative fertilization rate had a greater correlation with the B pattern than that of the AR pattern or capacitation (B + AR staining; [Fig. 5](#fig_005){ref-type="fig"}). In particular, the AR pattern showed a correlation coefficient (*r*) of only 0.22, suggesting that acrosome-reacted spermatozoa after preincubation might not participate efficiently in fertilization. However, in IVF experiments using fresh spermatozoa, acrosome-reacted spermatozoa could pass through the cumulus layer and reached the zona very quickly \[[@r43]\]. It is probable that fresh spermatozoa and frozen-thawed spermatozoa might behave differently because freezing-thawing might change sperm physiology even with minimum damage. Our results suggest that the appearance of the B pattern after preincubation is a reliable index for optimization of the IVF protocol using frozen-thawed spermatozoa from different mouse strains. This was also the case with the PI(--)/PNA(+) staining pattern, which represented live spermatozoa ready to undergo the acrosome reaction. This rate also had a high correlation with the fertilization rate and might reflect a population of frozen-thawed spermatozoa with the highest chance to fertilize oocytes.

In our analysis, the parameters linked to sperm motility did not show any significant correlations with the relative fertilization rate. This might have been caused by the difference in the sperm populations used for these two kinds of analyses. For IVF, actively motile spermatozoa were collected from the periphery of the preincubation drop, whereas those for motility tests were collected from a stirred drop in which the sperm population was more homogenous. Indeed, when fresh spermatozoa were used for experiments, there were significant correlations between the fertilization rate and sperm motility parameters, probably because of the high viability of spermatozoa within the entire preincubation drop (data not shown).

With the advent of new techniques for IVF using frozen-thawed spermatozoa, such as the use of MBCD and GSH, sperm cryopreservation is now practically applicable for most mouse strains, including gene-modified mice from the B6J background. Sperm samples can be stored safely in LN~2~ for many years and transported efficiently to other laboratories. However, it is important to study the mechanisms underlying cryodamage to spermatozoa because use of frozen-thawed spermatozoa for IVF or artificial insemination in other animals, such as pigs is sometimes impractical because of high individual variability \[[@r44]\]. The genetic information obtained in this study will provide key information for improving sperm cryopreservation of species in which QTL analysis is difficult to perform.

The eight BXD RI strains and the D2J strain used in this study were provided by the RIKEN BioResource Center with the support of the National Bio-Resource Project of MEXT, Japan.
